The Trump administration has promised to stop the spiraling down of the U.S. coal industry that has been going on for several years. We discuss the origins of the decline of the U.S. coal industry and new policy interventions by the Trump administration. We find that a further decrease of coal consumption in the U
et al. (2017) conclude that the effect of Trump's policies will at most be a flattening of U.S. CO2 emissions on a 2015 level. Depending on the number of his terms, they estimate a total increase of 12 GtCO2e to 20 GtCO2e until 2050. Taking a global perspective, Selby (2018) emphasises the negative effect on the global energy transition.
While all these studies highlight the decisive role of coal in the future energy mix to assess future emission profiles, they lack a detailed analysis of the current and future drivers in the U.S. energy sector.
Moreover, these studies fail to analyse the role of the U.S. as a major coal producer and supplier on the international steam coal market. 5 In sum, it remains unclear from the literature, if the policy rollback or newly introduced policies can slow down the decline of the U.S. coal industry or even turn the tide.
Our paper makes a contribution in this direction by providing an assessment of the effects of energy and climate policy measures on the U.S. coal production, taking into account the domestic and global coal sector inter-relations. We first analyse the origins of the decline for coal-fired energy generation and coal production. Surveying the literature and statistics, we disentangle the contributions of macro-economic factors, fundamental changes in the economics of competing energy sources in the form of natural gas and renewables, and effects of environmental and climate policy. Moreover, we detail current policy measures that are intended to support the U.S. coal sector. We develop several scenarios around some of the main policy measures to quantify their effects on the U.S. coal production and exports with the COALMOD-World model. We find that even in the most pro-coal scenario, U.S. production levels will not return to the levels of the late 2000s. However, cancelling the Clean Power Plan will stop the downward trend in U.S. coal production, even more so if combined with the possibility to export via the West Coast. If the world -including the U.S. -were on a 2°C compatible pathway, U.S. coal production would quickly fall and be less than half of current levels by 2025 and less than a quarter by 2030.
The Death Spiral: Development of the U.S. coal sector in the last decade
In the past decades, the coal sector has been a central element of U.S. power generation as well as of the U.S. mining sector. In this section, we want to highlight the most recent developments of the sector, both in terms of coal use (consumption) and in terms of coal mining (production). The U.S. have been the second largest coal producer worldwide for a long time, accounting for approximately 10 % of global coal production (IEA/OECD 2018). India surpassed U.S. coal production for the first time in 2016. The U.S. are a net exporter of coal, for both steam and metallurgical coal. Due to its relatively high prices, the U.S. are considered a swing supplier for international met and steam coal markets (IEA/OECD 2017b). 6 In this section, "coal" refers to all types of coal, i.e. coking and steam coal, including brown and hard coal. 7 U.S. Department of Energy Information Administration (EIA) energy data: https://www.eia.gov/totalenergy/data/browser/?tbl=T06.01#/?f=A&start=2000&end=2017&charted=0-5-8, last accessed: July 3 rd , 2018. Note that the EIA provides data in short tons. We use the EIA conversion factor 0.907184 to convert to metric tons. Source: U.S. Department of Energy Information Administration (EIA) data on coal: https://www.eia.gov/totalenergy/data/browser/?tbl=T06.01#/?f=A&start=2000&end=2017&charted=0-5-8, last accessed: July 3rd, 2018.
Note: Domestic consumption and exports do not necessarily add up to the sum of coal production. Coal imports (~ 7 -33 Mtpa) and stock changes (~ -40 -39 Mtpa) explain minor deviations. 
electricity mix 2006-2017
Approximately 93 % of domestic coal consumption, relatively constant over the last ten years, went to the U.S. electricity sector, while the remaining 7 % were used by industry, mainly as coking (metallurgical) coal. 8 U.S. net electricity generation from coal has declined since its peak in 2007 (2020 TWh) to 1210 TWh in 2017, while total U.S. net electricity generation remained almost constant (2007 : 4160 TWh, 2017 . In other words, the share of coal in net U.S. electricity generation significantly declined from almost 50% in 2007 to just 30% in 2017 (Figure 1 ). At the same time, the share of natural gas and renewables increased from 22 % to 32 % and 2.5 % to 10 % (without hydropower), respectively. 9 U.S. coal production peaked around the same time as consumption, namely in 2008, with (1.06 billion tons). In the following years, from 2009 through 2011, yearly production was slightly under 1 billion tons, declining to around 900 million tons during 2012 through 2014, and thereafter dropping to 660 Mtpa in 2016, recovering slightly in 2017 to 700 Mtpa. 10 Coal exports reached their highest levels in 2012 (115 Mtpa; 56 % metallurgical coal) with similar levels than in the 1980s. This dropped to 55 million tons in 2016 (68 % metallurgical coal), recovering in 2017 to 88 Mtpa (57 % metallurgical coal). They range from four percent to 13 % of U.S. coal production (54 Mt -114 Mt) in the period 2006 to 2017 (EIA 2018a) . 11 Many studies have analysed the recent decline of the U.S. coal sector (i.a. Coglianese, Gerarden, and Stock 2017; Culver and Hong 2016; Houser, Bordoff, and Marsters 2017; Kok 2017; Schlissel, Sanzillo, and Feaster 2018; Sussams and Grant 2015; U.S. DoE 2017) . Overall, the explanations can be divided in two categories. The first type focuses on domestic demand, especially the demand for steam coal in the electricity sector. The second type looks at U.S. coal production, which largely depends on domestic demand, but is also subject to global demand and other factors such as mining regulation.
Declining coal use in the USA
Looking at the demand side and the drastic reduction in U.S. domestic coal use shown in Figure 1 , there is a broad consensus that points at the drop of U.S. natural gas prices and the resulting rise of natural gas use in the electricity sector as the main influencing factor. Other factors that adversely affected coal use include i) the increasing share of renewables in U.S. electricity generation; ii) the general electricity demand development in the U.S.; iii) environmental regulations of the electricity sector; and iv) the technological development in the U.S. power plant fleet with many very old coal-fired units and increasingly many modern gas-fired plants. Let us analyse each of these factors in the following, with a focus on steam coal (also called thermal coal).
The (shale) gas boom and the renaissance of gas in U.S. electricity
The significant drop of U.S. gas prices that was caused by the so-called shale gas revolution started around 2007. From 2007 to 2014, shale gas production increased by a factor of 10.4 and total gas production increased by approximately 35 %, thereby leading to significantly lower gas prices (Culver and Hong 2016, 51) . The price for delivered natural gas for U.S. power plants dropped from around $10 per tcf in 2008 to approximately $3 per tcf in 2016 (a reduction of 70 %), while the average price for delivered coal only decreased by eight percent during this period of time (Houser, Bordoff, and Marsters 2017, 16) . Between January 2012 and January 2016, natural gas was outcompeting coal as the cheaper fuel source for electricity generation during the majority of months (Culver and Hong 2016) . 12 This trend of cheap natural gas prices for electric power production has continued until today. 13 When considering the competition between coal and gas as fuel sources for electric power generation, not only variable operation and maintenance (O&M) costs such as fuel costs are of importance.
10 EIA data on coal: https://www.eia.gov/totalenergy/data/browser/?tbl=T06.01#/?f=A&start=2000&end=2017&charted=0-5-8, last accessed: July 3 rd , 2018. 11 EIA coal data browser: https://www.eia.gov/coal/data/browser/, last accessed: July 3 rd , 2018 12 Prices of coal and gas for power plants differ by region. Coal from Appalachian sources is the most expensive, followed by coal from the Interior Basin and the Rockies. Coal from Powder River Basin has the lowest price and could compete most of the time between 2012 and January 2016 with gas (Culver and Hong 2016) . 13 EIA monthly data on U.S. natural gas electric power price: https://www.eia.gov/dnav/ng/hist/n3045us3M.htm, last accessed July 5 th , 2018.
Moreover, relatively low thermal efficiencies and high fixed O&M costs added to the disadvantages of electricity production of coal compared to gas (Gray and Watson 2017) . Also, the heat rate of new gas turbines improved notably over the last years (Culver and Hong 2016) , while improvements in international coal power generation technology did not make an entry in the U.S. market (also Section 2.1.5). Additionally, gas generators have shorter ramping times than coal generators and can react more agile to fluctuating generation from renewables, such as solar and wind. This is not only important for grid stability issues, but also affects utilities' revenues. In times of high production from renewables, electricity prices can become very low, and at times negative. Inflexible old generation units, such as the majority of the U.S. coal-fired power plant fleet, rather continue to run and sell electricity at negative prices during these times than shutting down (Gray and Watson 2017) .
Increasing share of renewables
Not only flexible generation adjustment to fluctuating load and generation from renewables, but also increased competition from renewables in the power market has affected power production from coal.
The share of renewables (excluding hydro) in U.S. electricity generation has increased to 9.6 % (390 TWh) of total electricity production in 2017, compared to 2.5 % in 2007. Wind makes up the largest share, with 6.3 % of total production in 2017 (0.8 % in 2007), followed by solar with 1.3 % (0.0 % in 2007). 14 Unsubsidized, average levelized cost of electricity from wind and solar PV declined between 2009 and 2017 by 67 % and 86 %, respectively (Lazard 2017, 10) . Additionally, federal tax incentives for renewables (the Production Tax Credit) and state renewable portfolio standards / goals supported the expansion of wind and solar generation in addition to improved efficiencies and capacity factors of wind turbines and solar PV modules (Schlissel, Sanzillo, and Feaster 2018) . In competitive markets, wind and solar power are dispatched first because they have no fuel costs. Thus, coal power is displaced and full load hours of coal power stations are reduced. Moreover, price spikes during peak load hours are reduced in number and size, thereby lowering the revenues of coal fired power generation. Solar power, with highest production levels during the middle of the day, displaces i.a. coal-fired power during the midday peak hours (Gray and Watson 2017; Schlissel, Sanzillo, and Feaster 2018) .
Slowing electricity demand
Besides the competition for coal from cheap gas and renewables on the power market, growth of U.S.
electricity demand in recent years was lower than predicted. 16 According to Schlissel, Sanzillo, and Feaster (2018) , factors dampening demand growth have been i) energy efficiency programs and investments; ii) raised awareness for energy saving by consumers and also iii) increased self-generation from households with rooftop solar PV. Thus, the U.S. have experienced a decoupling of economic growth from growth of electricity demand. For the coal-fired generation, this meant a tight market with large renewables and gas-fired capacity additions (Houser, Bordoff, and Marsters 2017, 16 ).
Tightened environmental regulations
In the past decade, coal-fired power generation had to face new and tightened environmental regulations (Table 5 in the Appendix contains an overview). The Obama administration promulgated nine regulations directly addressing coal-fired power generation (Houser, Bordoff, and Marsters 2017) .
Opinions on the actual effects of the environmental regulations on coal-fired power generation are diverging. Out of the nine Obama-era regulations, only four took effect before the year 2016. Coglianese, Gerarden, and Stock (2017, 2-3) Houser, Bordoff, and Marsters (2017, 22) . In contrast to the aforementioned studies, Culver and Hong (2016) argue that the decline of U.S. coal between 2008 and 2015 had little to do with EPA rules due to relatively low costs accruing from compliance measures, but was rather caused by the fierce competition with natural gas (Section 2.1.1). Sussams and Grant (2015, 33) point out that the tightened environmental regulations, additionally to their direct effects on coal-fired units, "could have served to increase the risk profile of the U.S. coal industry, and caused action to be taken by utilities, more than the impact of each individual regulation on its own." In this way also the most prominent Obama-era environmental regulation, the Clean Power Plan (CPP), finalized in October 2015, could have already affected decisions of coal-fired power plant retirements. It was scheduled to come into effect in 2022 and to set limits to carbon dioxide emissions from existing power plants. 17 In the same vein as the CPP that was promoting state carbon caps, some U.S. states or regions already implemented CO2 pricing schemes (RGGI 18 , California 19 ) or are on the verge of doing so (Oregon, Massachusetts, Virginia) . 20 The first analyses of their effects on coal-fired power generation are yet inconclusive, given the complexity of the possible reactions to regional carbon pricing. Kim and Kim (2016, 334) provide evidence that coal to gas switching was accelerated by the RGGI implementation and that the RGGI region has a ten percentage points higher gas share in electricity generation than it would have had without RGGI. Somewhat in contrast, Fell and Maniloff (2018, 17) CO2 cap induced coal-fired plants in the RGGI region to reduce their capacity utilization by approximately 10 percentage points which was not compensated by an increase in gas-fired generation, but rather by an increase in generation from the areas surrounding RGGI. This "leakage" actually was electricity generation from natural gas-fired power plants.
Cumulative demand-side effects on an old power plant fleet
The combination of the above-mentioned demand-decreasing and cost-increasing factors for coal-fired power generation put high economic strain on existing coal-fired power plants. Regarding "invest or retire" decisions, the age and size of power plants also plays a role and this is where the U.S. fleet of coal-fired plants with many very small and very old units has been particularly vulnerable to price and cost pressure (U.S. DoE 2017). As of April 2018, the capacity-weighted average age of operating coalfired units 21 was a stumbling 39.7 years and the average (net summer) capacity of the operating units was only 323 MW. 22 About 88 % of coal-fired capacity was built before 1990 and 52 % of currently operating capacity is older than 40 years, with 14 % even older than 50 years. in the tough competition with natural gas and renewables. to 2017 were well below 0.5 in 2014 and 2015 and even below 0.3 in 2017 (U.S. DoE 2017, 155). The average capacity factor of the entire U.S. coal power fleet fell over the last years as shown in Table 2 . The last coal-fired power plant that was connected to the grid in the U.S. was the Spiritwood Station in North Dakota in 2014. 24 According to Shearer et al. (2018, 14) there are no new coal-fired power plants planned or currently under construction in the U.S., while the EIA lists two power plants that are supposed to come online in 2020 and 2022, respectively. The currently enforced "new source performance" emission standard of no more than 1,400 lb (~635 kg) CO2/MWh-g would effectively require the use of CCTS at these units. 25 According to EIA data, another 16 GW are scheduled to retire until the end of 2025. 26 This, however, only includes the already officially announced plans of the utilities. 20, 2018. 2018. 27 Thus between 6 % and 33 % of the current coal-fired generation fleet will retire in the next five years.
Regardless the exact extent, it is clear that the state of the U.S. coal-fired generation fleet does not allow continuing coal-fired electricity production at the current share in the medium-term without substantial refurbishment and investments. Tightened environmental regulation has only exacerbated a situation which was gloomy before. Therefore, one must expect a further decrease of U.S. coal consumption.
U.S. coal extraction and exports under pressure
U.S. coal consumption is almost exclusively supplied by domestically extracted (produced) coal.
Conversely, coal extracted in the U.S. goes to a large part to the domestic market, mostly power generation (see Figure 1) . Thus, the decrease in domestic coal use also led to a decline in U.S. coal 31 Coal mining employment has been on the decline for decades: from a peak of more than 800,000 in the 1920s to 130,000 in 2011 (Houser, Bordoff, and Marsters, 2017, p. 5). suffered, though: mining employment fell by 52 % in Colorado, 34 % in New Mexico, and 22 % in Wyoming (Houser, Bordoff, and Marsters, 2017) . In most coal producing states, the decline in mining employment since 2011 accounted for less than 0.1 percent of the state-wide workforce. However, in West Virginia, Wyoming, and Kentucky, the decline had a significant impact on state-wide and countylevel employment. What is more, the bankruptcies threatened the pension and healthcare security of retired miners and the drop in coal production reduced tax revenues in coal-dependent municipalities (Houser, Bordoff, and Marsters, 2017, p. 7) In 2017, after large write-offs of liabilities, Peabody Energy, Arch Coal and Alpha Natural Resources, as well as several smaller-size coal companies that had filed for bankruptcy, emerged from bankruptcy.
However, the market for coal assets in the U.S. remained oversupplied: a number of coal asset transfers in 2016 and 2017 were cancelled because no investors could be found or assets were transferred with losses for the former owners. According to Schlissel, Sanzillo, and Feaster (2018) , this indicates that expectations for a recovery of the coal sector have been low. . Indeed, bankruptcies of U.S. coal companies have continued in recent years, now mostly by companies that serve the domestic market.
Expansion of West Coast coal export capacities
In the context of declining domestic demand and rising world market prices, U.S. coal producers wanted to find new outlets on the international coal market, especially in Asia (Cornot-Gandolphe 2015;
IEA/OECD 2013, 99; Houser, Bordoff, and Marsters 2017). However, export infrastructure is key to this issue.
Currently, the only way to export U.S. coal from the West Coast is via small capacities in California (6 Mtpa) and Canadian ports in British Colombia. Exporting via British Columbia requires long distance rail transport which is used at full capacity (Power and Power 2013) . Thus, plans to construct export terminals along the U.S. West Coast, in California, Oregon and Washington, were made. 
were running at average utilization rates of only 24 % in 2016 (IEA/OECD 2017b, 129)), it appears unlikely that these ideas will be realized.
Political support for the U.S. coal sector under Trump
Despite the death spiral for U.S. coal turning slower since 2016 due to sustained world demand, there is no doubt that it will continue to turn because of the fierce competition by lower priced natural gas and the long-term prospects of climate protection. Since his election campaign in 2016, the current U.S.
President Donald Trump has emphasized his wish to support the domestic coal sector. His goal has been, in his words, to "make coal great again". In this section, we discuss which main policy measures have been and may be chosen by the Trump administration. We derive the main domestic policy drivers to influence future U.S. coal production which we use to structure our scenarios in the subsequent sections.
Opposition to climate policy -Support for coal?
As At the same time, the Trump administration uses a considerably lower social cost of carbon for future policy assessments than the previous administration did.
Rescinding the Obama administration's national coal policies
In addition to the broader anti-climate policies, the Trump administration tries to support the U.S. coal sector both on the demand side (i.e. in the electricity sector) and on the supply side (i.e. coal mining) by rescinding policy measures that were introduced by the previous administration under Obama. Table 5 in the Appendix gives an overview of the relevant policies and their status under the Obama and the
Trump administration.
Regarding coal use by the U.S. electricity sector, the Environmental Protection Agency (EPA) was ordered to review the "Clean Power Plan" (CPP) and to suspend, revise, or rescind its contents. The CPP was enacted by the Obama Administration in 2015 and originally scheduled to come into effect in 2022. It sets limits to CO2 emissions from (existing) power plants. The regulation of existing stationary sources of greenhouse gases is a legal obligation of the EPA via the Clean Air Act. Therefore, the EPA could not simply rescind the CPP without replacement. Thus, in August 2018, the Affordable Clean Energy (ACE) rule was proposed by the EPA (EPA 2018b). In contrast to the CPP, the proposed ACE rule only addresses coal-fired power plants and does not set nation-wide minimum performance standards for power plants but states can set their own standards (EPA 2018a). Moreover, with ACE, the EPA proposes an update of the New Source Review such that the requirement to apply for approval for major modifications of power plants, and hence the requirement to install (further) emission control technologies in these modified power plants, is softened. 39 As of early 2019, the ACE rule is a proposal so far and has not been passed yet.
Conventional power generators continue to lobby for financial support with the Trump administration, which has been very responsive. For example, in 2017, the Department of Energy requested that the profits of new and existing coal fired (and nuclear) power plants should be guaranteed by the Federal Energy Regulatory Commission (FERC). 40 Moreover, the Trump administration contemplates using emergency powers to subsidize coal-fired power plants. 41 Grid operators could be ordered to buy electricity from coal and nuclear power plants to prevent these from shutting down. So far the FERC has denied these requests. 42 On the supply side of the U.S. coal sector, the Trump administration enacted several law changes to support coal. Most prominently, Trump lifted the moratorium on new coal mine leases on federal land, which his predecessor had introduced in 2016. 43 royalties to be paid by companies extracting coal, oil and gas from federal lands and U.S. waters. 46 The Obama-era environmental regulations "Stream Protection Rule" 47 and "Resource Management Planning" 48 , both affecting mining activities, were repealed in the first months of 2017. 49
CCTS: The Silver Bullet?
Carbon Capture, Transport, and Storage (CCTS; often also Carbon Capture and Storage, CCS) is seen by many as a necessary measure to keep global warming below 2°C (Haszeldine et al. 2018 ). Many also see it as an opportunity to keep on burning coal (IEA/OECD 2017b). However, the expected rate of technologic and economic progress of CCTS and the implementation of large-scale CCTS projects so far has not been achieved, neither for coal-fired power plants with CCTS, nor for CCTS in other sectors (Hirschhausen, Herold, and Oei 2012; Mendelevitch et al. 2018; Schlissel and Wamsted 2018) .
Costs of new, as well as retrofitted CCTS-equipped coal-fired power generation units are currently prohibitively high compared to new gas-fired power plants and RES and expectations for cost reductions of CCTS technology are low (Schlissel and Wamsted 2018; EIA 2018c) . In the U.S., CCTS currently is largely supported by the oil industry, which participates in the CCTS value chain as CO2 user in Enhanced Oil Recovery. 50 President Trump is eager to support "clean coal". However, he has not outed himself as a bold CCTS supporter so far. 51 Still, with the Bipartisan Budget Act of 2018, passed in February 2018, support for CCTS projects was increased 52 and some observers suggest that "the carbon-capture era may finally be starting". 53 This reformed tax incentive could spur further development and application of CCTS, also in the power generation sector. However, the increase of support compared to the previous policy 47 The Stream Protection Rule was designed to "better protect water supplies, surface water and groundwater quality, streams, fish, wildlife, and related environmental values from the adverse impacts of surface coal mining operations and provide mine operators with a regulatory framework to avoid water pollution and the long-term costs associated with water treatment." (Office of Surface Mining Reclamation and Enforcement (OSM) (20.12.2016 remains minor and it is therefore questionable whether there will be a significant number of new or retrofitted coal-fired power plants with CCTS. 54 What is even more, governmental funding for CCTS research and development was significantly reduced at the same time. 55
Exports via the U.S. West Coast
As noted in Section 2.2.2, the Trump administration has taken little action so far in favour of coal terminals on the U.S. West Coast. However, as also discussed in Section 2.2.2, the issue is on its agenda as the proposal for export facilities on military land and the request for "a white paper assessing opportunities to advance U.S. coal exports" by the Secretary of Energy show (NCC 2018, IX).
Meanwhile, lobbying continues for the Millenium Longview (WA) and Oakland (CA) terminal projects, including by Republican Party officials. 56 However, the jurisdictions in charge are mostly regional (local or state level) and not directly influenced by the federal U.S. administration.
Previous research expects up to 380 Mtpa of exports via the West Coast if investments in export terminals were freely to be made, even if taking into account the extra costs of investing and using the terminals (e.g., Holz et al. 2015) . Indeed, PRB coal could then be exported (i.e. shipped overseas) in large quantities at quite low costs, avoiding the long rail transportation to the British Columbia export terminals (see Table 3 ), the bottlenecks in the export value chain and also shortening the shipping distances to the Asian market. Given PRB coal's comparably low production costs, it could then compete at relatively low costs on the Asian markets.
Modelling U.S. and global coal markets with the COALMOD-World model

Policy scenarios, data and method
In Section 3 above, we detail a number of current and potential future policy measures supposedly targeted at revitalizing the U.S. coal sector. Focussing on the effects of the CPP, possible West Coast exports, and support for CCTS, we develop six policy scenarios (see Table 4 ). We embed the scenarios in either a moderate or an ambitious climate policy pathway.
The moderate climate policy pathway sees the global community taking some limited action against climate change at the ambition level of the currently active Nationally Determined Contributions (NDCs) that were pledged immediately after the Paris Agreement. However, this is not sufficient to limit global warming to below 2°C by the year 2100 but rather sets the world on course for a rise of the global mean temperature by some 3.2°C (2.6 -4.0°C) above pre-industrial levels by the end of this century (Fekete 54 (Budinis et al. 2018; Haszeldine et al. 2018 ).
The ambitious climate policy pathway implies a drastic reduction of GHG emissions from fossil fuel + + + + *Rollback: assumes growth rate for coal consumption based on IEA WEO 2017 NPS; for U.S.: reference consumption from AEO 2018 ** CPP: assumes growth rate for coal consumption based on IEA WEO 2017 NPS; for U.S.: CPP consumption from AEO 2018 *** Ports: assumes possibility to expand western port export capacity by 50Mt each 5 years from 2020 onwards **** 2°C_CCTS: assumes growth rate for coal consumption based on IEA WEO 2016 450ppm ***** 2°C_no-CCTS: assumes growth rate for coal consumption based on IEA WEO 2016 450ppm without coal consumed by coal-fired power generation capacities equipped with CCTS The scenario Rollback represents U.S. domestic coal consumption induced by new, lax environmental policy under U.S. President Trump. More concretely, this scenario assumes that the CPP is cancelled, resulting in retrofitting investments and live-time extensions for existing coal power plants and consequently increasing domestic coal demand in the U.S. We mimic this situation by setting future U.S. coal consumption equal to the values of the reference case in the AEO 2018 (EIA 2018b), which is based on the legal situation in the U.S. as of the end of the year 2017, not including the CPP. We contrast this situation to the scenario CPP, where the CPP is assumed to be in place. We use data for U.S. coal consumption from AEO 2018's reference case with CPP (EIA 2018b). The scenario Rollback_ports assumes that, in addition to measures from the scenario Rollback, the Trump administration manages to extend support for the U.S. coal sector by pushing through West Coast coal export ports against massive opposition. We implement this by allowing investments in Western ports to increase their export capacity by up to 50 Mt every 5 years from 2020 onwards.
The ambitious climate policy pathway includes the scenarios 2°C_CCTS, 2°C_no-CCTS, and 2°C_CCTS_ports. The scenario 2°C_CCTS assumes that the increased support for CCTS under President Trump and possible further support make CCTS available as a mitigation option for coal-fired power stations in the long run. Thus, steam coal consumption does not have to be phased out entirely by the year 2050, while still reaching the 2°C climate target. In this scenario, the growth rates for steam coal demand are taken from the 450ppm scenario of the WEO 2016, which assumes around 260 GW of global coal-fired power generation capacity equipped with CCTS by the year 2040 (IEA/OECD 2016, 208). The scenario 2°C_no-CCTS, in contrast, assumes that CCTS will not be an economically viable option for coal-fired power plants until 2050. Hence, to achieve the 2°C target, coal consumption has to decline even further. Therefore, we take coal demand in the 2°C_CCTS scenario and subtract calculated demand from CCTS equipped coal-fired units. 57 The scenario 2°C_CCTS_ports assumes that, additional to measures from the scenario 2°C_CCTS, the capacity of West Coast coal export ports can be expanded like in the scenario Rollback_ports. Richter, Mendelevitch, and Jotzo (2018) explore the rationale for export taxes on coal and implications for climate change mitigation. Mendelevitch (2018) assess the distributional implications of different supply side policies. Holz et al. (2018) investigate the risk of asset stranding for major coal exporters and for various global climate ambition scenarios. 57 We derive the amount of CCTS-equipped coal-fired power generation capacities from IEA's (2016) 450ppm scenario. By the year 2040, it assumes around 258 GW coal-fired power generation equipped with CCTS globally (total power generation capacities with CCTS: 430 GW; 60 % of them coal-fired) (IEA/OECD 2016, 208) . First significant amounts of annual power generation capacity additions equipped with CCTS (not limited to coal) occur around the year 2025 (ca. 5 GW), increasing with annual additions of ca. 30 GW by 2030, then staying at this level throughout 2040 (IEA/OECD 2016, 253). We therefore assume the following global CCTS equipped coal-fired power generation capacities: year 2025 -5 GW; 2030 -58 GW; 2035 -158 GW; 2040 -258 GW. According to IEA/OECD (2016 , 75 % of coal-fired power plants equipped with CCTS will be located in China (193.5 GW in 2040) and about 12.5 % in the U.S. and India. For the remaining 12.5 % no information is given. We assume equal amounts of CCTS-equipped capacities in the U.S. and India (each 16 GW in 2040), 2.5 % (6.5 GW) in OECD Asia Oceania, and 10 % (26 GW in 2040) in Non-OECD Asia. Furthermore, we assume a load factor of 85 % for CCTSequipped coal-fired power plants and 35 % efficiency of these units (only coal-fired units, not CCTS).
In the COALMOD-World model, we differentiate different producing and consuming regions and take into account distance-related transportation costs, in addition to region-specific production and investment costs of coal mining. For the U.S., we distinguish the four main mining regions as separate model nodes (PRB, Appalachia, Interior Basin, and Rocky Mountains). On the consumption side, we differentiate consumption nodes on the country and region level with their individual levels of coal demand and their paces of coal demand adjustment. We divide the U.S. coal market into five regional nodes: USA-West, USA-North-Central, USA-South-Central, USA-Southeast, and USA-Northeast. 58 Table 6 in the Appendix). In the ambitious climate policy pathway, less than half the amount of CO2 is released into the atmosphere from coal-fired power generation (210 Gt total emissions 2015-2050).
Overview of future coal consumption scenario results
U.S. steam coal consumption declines below 2015 levels in all scenarios in the following years. In scenarios with a policy rollback (Rollback and Rollback_ports), consumption declines rather slowly (-10% and -16 %, respectively, in 2050 compared to 2015) , while in the CPP scenario consumption declines by around 30 %. Cumulative CO2 emissions from U.S. coal-fired power generation between 2015 and 2050 amount to approximately 43 to 44 Gt (on average ca. 1.2 Gt per year) in the Rollback and Rollback_Ports scenarios (see Table 6 in Appendix). In the CPP scenario, cumulative emissions from U.S. coal-fired power generation are about 13 % lower (38 Gt) than in the Rollback scenario(s). In this scenario, annual emissions decline continuously while in the Rollback scenarios they stay relatively stable. 58 The U. 60 The underlying model does not consider specific coal quality requirements of different power plants. Oei and Mendelevitch (2018) highlight this issue which hampers substitutability between different suppliers. This could possibly constrain demand for low-energy content PRB coal. Assuming a full regulatory rollback and arguing for coal exports to remain at current levels, Houser, Bordoff, and Marsters (2017, 38) find that total U.S. coal production, including metallurgical coal and lignite, could rise to 820 Mt in 2030 compared to 610 Mt in 2030 under Obama administration policies.
They stress, however, that depending on the development of primary energy prices, U.S. coal consumption by 2022 could either further decline to 550 Mt or rise to 800 Mt (720 Mt in reference case).
Similarly, the EIA projects in its reference case that U.S. coal production will remain relatively flat at 61 COALMOD-World includes a mine mortality mechanism by which the oldest mines are physically depreciated over time. Investments are necessary to replace the depreciated capacities. However, the new mines are assumed to have higher costs because typically easiest-to-access deposits are mined first. Average mine maturity differs between regions.
around 680 Mt until 2050 (EIA 2018b 
U.S. coal production in an ambitious climate policy world
If the political environment changes and the political and economic frame to get on track for reaching the 2°C target is set, prospects for U.S. coal production look significantly different (see Figure 3) . U.S. In all three scenarios, no investments in coal supply infrastructure are made from the year 2020 onwards, except in scenario 2°C_CCTS_Ports, some investments into additional export facilities are made (ca. 300 million US$).
Policy conclusions
At the latest with the second presidential term of Barack Obama, the U.S. coal sector has been heavily feeling the fading perspective for coal. Many have blamed Obama's Climate Action Plan and other climate policy measures that targeted emission reduction from coal-fired generation as a primary driver of this decline. Indeed, U.S. coal-fired power generation is the prime factor for the U.S. coal sector development. However, in the U.S. electricity sector, coal suffers from lower competitiveness compared to recently built natural gas fired power plants and renewables. Our literature survey shows that current and recent US environmental policies have had relatively little effect on U.S. coal production and consumption. From this perspective, revoking environmental policies will not change the fundamental economics in the energy market. Unless new environmental regulation will disproportionally favor coalfired generation over other energy technologies, lax rules will not change the tide for coal.
The new U.S. administration, however, has promised to stop the spiralling down of the U.S. coal sector.
To this end, President Trump is aggressively rolling back environmental regulation and commitments, with a complete re-organisation of the environmental administration: most prominently announcing to leave the Paris Agreement and replacing the Clean Power Plan (CPP) with the Affordable Clean Energy (ACE) rule. Using a comprehensive model of the international steam coal market, we assess the effects of this policy change on U.S. steam coal production, exports, and investments.
We use rather high assumptions on U.S. coal consumption in the pro-coal scenarios provided by the EIA which neglect current structural and economic trends. Nevertheless, our results with the COALMOD-World model show that in no case coal production to the all-time high levels of the 2000s
(that were about 20% higher than 2015 levels). Compared to a case with environmental regulation (CPP), U.S. coal production would increase by one-eighth in the next years but still stay far of the levels of 2010 or before. Accordingly, the policy rollback would increase CO2 emissions from the U.S. coal sector by 13%, stabilizing U.S. coal consumption at approximately 2015 levels. However, if the promise of the Trump administration is to be taken seriously, it needs to take actions at another scale. In this paper, we therefore look at two additional scenarios, which potentially bring about a change to the current trend in the coal sector: a hypothesised break of opposition against West Coast coal export ports or a widespread application of Carbon Capture, Transport and Storage (CCTS) technology. Trump had in mind when claiming to "make coal great again" -to return to their pre-2015 production levels.
CCTS cannot save the U.S. coal sector either. The strong financial and policy support that is required to realize private investments into this costly technology can only be justified if climate change mitigation is accepted as the ultimate underlying objective. However, this also means embarking on an ambitious climate policy pathway that leaves little space for coal-fired power generation, even with CCTS in place.
The availability of the technology makes the difference between 100 Mtpa and 50 Mtpa of steam coal production by 2035, thus it only mildly decelerates the rapid coal phase-out that is required to meet the 2°C target.
In summary, the coal sector is under ever-increasing risk of asset stranding, because it is uncertain which climate policy trajectory will be taken, both domestically and internationally. Coal mining assets are particularly at the risk of stranding (while domestic coal-fired power plants continue to be so, too).
This is even more true from a global climate policy perspective, as much of the difference between scenarios is driven by exports, even without West Coast ports being available. Traditionally a supplier to Europe and South America, the U.S. will take the role of a swing supplier between the Atlantic and the Pacific coal markets. Due to its higher supply costs to the import markets compared to other exporters (e.g. Indonesia, South Africa), it can only be the marginal supplier to Asian markets such as India, Japan, and South Korea. In other words, while exports can potentially contribute to the survival of U.S. coal production for a few more years, they make the U.S. coal sector even more vulnerable to asset stranding from sudden climate policy shifts in other world regions. We already see a risk of this type looming with the recent announcement to shut down a large share of South Korean's coal-fired power plants until the mid 2020s. 63 So, neither export markets nor the domestic U.S. market will be able to change the tide for U.S. coal production in the long-term. 
